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The electronic transport properties of an SNS junction formed by an InN nanowire (N) and
Al contacts (S) with a superconducting transition temperature Tc ' 0.92 K were investigated.
As a function of dc bias, superconducting quasiparticle transport resonance peaks at E = 2∆
were observed, in agreement with BCS theory with 2∆(T = 0) ≡ 2∆0=275µeV. Several additional
transport resonances scaling linearly in energy were observed at high-bias above 2∆, up to E ' 15∆0,
consistent with McMillan-Rowell oscillations. The persistence of McMillan-Rowell oscillations at
high-bias and under applied magnetic field were investigated.
PACS numbers: 74.45.+c,73.23.-b, 73.63.-b,
There has been recent intense interest in the proper-
ties of hybrid structures composed of a low-dimensional
semiconductor coupled by proximity effect to supercon-
ducting metal contacts[1–4]. Following seminal theoreti-
cal work proposing the existence of engineered Majorana
fermions in proximity-coupled strong spin-orbit semicon-
ductor devices [5–8], recent reports have shown encour-
aging experimental evidence for zero-energy Majorana
modes[9–11]. To observe Majorana modes, these stud-
ies have focused on large spin-orbit semiconductors such
as InAs or InSb, and little attention has been devoted
to similar devices fabricated with low spin-orbit material
such as InN. We report here an extensive study of an
SNS junction fabricated from an InN nanowire grown
by molecular beam epitaxy (MBE). In addition to a
zero-bias anomaly, non-linear transport resonances are
clearly observed at bias energies up to fifteen times the
superconducting gap ∆. These resonances are consistent
with McMillan-Rowell oscillations (MRO) [12] within the
semiconducting nanowire. The persistence of MRO at
high bias implies the persistence of Andreev reflection to
high bias energy, suggesting that Andreev reflection at
the semiconductor - superconductor interface is not fully
understood.
The density of states, energy gap and Fermi velocity of
a superconductor can be determined experimentally by
tunnelling spectroscopy. This is usually achieved in an
ideal SN junction by measuring the differential resistance
or conductance as a function of dc bias energy eV applied
across the barrier. Generalized Andreev reflection in SNS
tunnel junctions was described theoretically by Blonder,
Tinkham, and Klapwijk (BTK)[13, 14] and has been suc-
cessfully used to explain the tunnelling spectroscopy of
junctions with a normal metal tunnelling barrier. How-
ever, in the case where a semiconductor takes the place
of a normal metal, the band gap in the semiconductor
density of states will modify the junction properties. In
particular, the breakdown of the Andreev approximation
E >> EF will modify the Andreev reflection probability
at the interface.
We performed electron transport measurements on de-
vices made with InN nanowires coupled to Al leads. The
devices were fabricated from nearly intrinsic (not inten-
tionally doped) non-tapered InN nanowires grown on
Si (111) substrates by a Veeco Gen-II radio frequency
plasma-assisted MBE growth system. Photoluminescent
and XPS measurements show a band gap of approxi-
mately 0.675 eV and minimal surface charge effect on
the nanowires [15, 16]. The wire length is ∼ 0.9 µm and
the diameter of the investigated nanowire is ∼120 nm.
The c-axis is along the nanowire growth direction. To
fabricate the ohmic contacts, the wires were transferred
from the original (as-grown) substrate to an Si(100) wafer
with a 100 nm thick SiO2 insulating layer. Transfer was
accomplished by diluting nanowires into an acetone solu-
tion in an ultrasonic bath, followed by drop casting the
solution onto the target substrate. The substrate was
pre-patterned with a mark array by photolithography to
locate and identify each individual nanowire by scan-
ning electron microscopy (SEM). Contact electrodes of
Ti(10 nm)/Al(100 nm) were deposited by e-beam evapo-
ration and lithography to establish superconducting con-
tacts to the InN nanowires. An SEM image of a rep-
resentative device is shown in the inset of Fig. 1 (a),
as well as the as-grown nanowires. Electrical transport
measurements were performed in a dilution refrigerator
equipped with a 9 T magnet down to temperatures of
23 mK. Magnetoresistance was measured by a constant-
current source and a low-frequency ac and dc current
bias technique. The differential resistance dV/dI depen-
dence on source-drain voltageVdc was obtained by a lock-
in technique with an ac current of Iac = 50 nA, and the
differential conductance dI/dV was found by numerical
inversion. In all data show in this work, a contact resis-
tance Rcontacts = 60Ω was subtracted.
The contacts to the junction were verified to be ohmic.
The two-point resistance was found to be less than 25 Ω
in the normal state. Nanowires grown under the same
conditions have been measured to give two-point resis-
tances on the order of ∼1 MΩ in high-vacuum scanning
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FIG. 1. (a) TEM image of the as grown InN nanowires.
In the inset, an SEM image of a representative SNS InN
junction. The diameter of the studied nanowire is approx-
imately 120 nm and its length ∼0.9 µm. (b) Temperature
dependence of the resistance (at zero bias) in the tempera-
ture range 0.4 K to ∼ 1.6 K. The superconducting transition
temperature is Tc ' 0.92 K, indicated by the vertical dashed
line. (c) Differential conductance dI/dV dependence on Vdc
at T = 23 mK. The quasiparticle tunnelling peak is observed
at Epeak = 2∆0 = 275 µeV. (d) Temperature dependence
of the quasiparticle peak position Epeak. The red solid curve
is a fit of 2∆ as a function of T according to weak-coupling
BCS theory [14].
probe experiments [17]. We attribute the discrepancy in
resistance to electron doping of the nanowire. InN has a
very high electron affinity (∼5.8 eV [18]), and will thus
be electron doped by the Al contacts and also possibly by
surface contaminants introduced during lithography and
wet processing. The temperature dependence of the re-
sistance was determined from 0.3 to 150 K, and is shown
in Fig.1 (b) in the range between 0.4 K and ∼ 1.6 K.
The abrupt drop in resistance at T ' 0.92 K is consis-
tent with previous work based on superconducting alu-
minum thin films. The coherence length of the Al contact
ξ =
√
~D/∆0 ' 275 nm, assuming a diffusion coefficient
for aluminum D ' 160 cm2/s, which is of order of the Al
contact separation. From the Fermi velovity vFN ' 105
m/s in the nanowire, we estimate a temperature length
LT = ~vFN/kBT ' 6 µm at 1K, suggesting that our
junction is always in the mesocopic regime.
The differential conductance measured by applying a
mixed dc and ac current through the superconducting
contacts is plotted in Fig.1 (c) at T = 23 mK. Quasipar-
ticle (QP) resonant peaks at Vdc = 275 µeV are observed
symmetrically in dI/dV vs Vdc at both positive and nega-
tive biases. A conductance peak at zero bias is observed,
whose origin is presently unknown and requires further
investigation. Measurements of the dI/dV spectra de-
pendence on Vdc were performed at several temperatures
from 23 mK to ∼1 K. The QP peak position Epeak = eVdc
versus temperature is shown in Fig.1(d), fitting well to
a BCS theory of the gap[14] indicated by the red line.
The QP peak energy at T = 0 can be inferred from
the BCS fit, from which we find 2∆0 = 275 µeV. Our
measurement is consistent with the expected BCS gap
2∆BCS0 = 3.53 · kBTc = 280 µeV [14] determined from
the superconducting transition temperature Tc = 0.92 K
of Fig. 1 (b). The InN nanowire junction thus behaves
consistently within weak-coupling BCS theory.
In addition to superconducting QP peaks at
2∆ = 0.275 meV, numerous other transport resonances
are observed in dV/dI at bias energies above 2∆ as shown
in Fig. 2(c). The dV/dI resonances beyond 2∆ are enu-
merated by n, and the resonant bias voltage is plotted
versus n in Fig. 2(d) at 23 mK and 345 mK. A clear
linear increase in resonant bias is observed with a slope
0.147±0.007 mV, with a noticeable deviation occurring
at n = 1 → 2. Notably, as the temperature is increased
the dV/dI resonances weaken in amplitude and even-
tually disappear as T → Tc. This suggests that these
features are directly related to a transport mechanism
directly tied to the superconducting gap, implying im-
portant contributions from Andreev reflections.
We now turn to an interpretation of the transport res-
onances above the BCS gap. At temperatures below
the superconducting transition temperature Tc, trans-
port resonances can occur due to Andreev reflection at
SN interfaces. Multiple Andreev reflection (MAR) shown
schematically in Fig. 2(a) results in transport resonances
at sub-gap energies Vn = 2∆/en, where n = 1, 2, 3, ... is
the interference order. MAR is expected to be strong in
SNS junctions where the transparency of each SN inter-
face is similar, and greatly suppressed in junctions with
significant SN interface asymmetry. Sub-gap transport
resonances are notably absent in the InN nanowire junc-
tion, as seen in Fig. 2(c). On the other hand, MRO
[12, 19–21] are transport resonances that can occur in an
asymmetric SNS junction, resulting from normal reflec-
tions at the opaque SN interface and Andreev reflection
at the transparent SN interface, depicted in Fig. 2(b).
The reflections establish a series of geometrical reso-
nances leading to MRO, and were first observed by direct
measurement of density of states. MRO also manifests
itself in a series of equidistant peaks in the dynamic trans-
port spectrum,
∆V ≡ Vn − Vn−1 = hvFN
4edN
, (1)
where vFN is the Fermi velocity in the normal material,
and dN is the effective length of the normal region of the
junction. Note that contrary to the typical situation of an
SNS junction with a metallic normal region, the Fermi ve-
locity of a semiconducting normal region is tuneable with
carrier density, and the Fermi energy much smaller. As
shown in Fig. 2(b), the transport resonances in our SNS
junction are observed to be equidistant, scaling linearly
with n with a slight deviation at n = 1, in good agree-
ment with MRO. The clear observation of these sharp
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FIG. 2. (a) Schematic of multiple Andreev reflection (n = 1).
Interference occurs due to Andreev reflection at each inter-
face. (b) Schematic of McMillan-Rowell oscillations (n = 1).
Interference occurs due to Andreev reflection and normal re-
flection. (c) dV/dI vs Vdc spectrum at T = 23 mK. At bias
above the gap eVdc>2∆0, transport resonances labeled by or-
der n are observed at voltages Vn. (d) Vn vs n at T = 23 mK
(black circles) and 345 mK (red triangles). A linear fit is
indicated by the dotted line.
and well-defined MROs suggest a ballistic transport oc-
curring in the nanowire. The slope of Vn versus n and
the nanowire length d = 0.9µm together with Eq. 1 al-
lows us to estimate an electron Fermi velocity in the InN
nanowire of vFN = 1.3× 107 cm/s. Furthermore, assum-
ing a three-dimensional density of states for the relatively
large diameter nanowire we infer an electron density of
order of n ' 1.6×1016 cm−3. This density agrees within
an order of magnitude with previous measurements us-
ing an electrical nanoprobing technique[17]. Taking the
effective mass of InN as m∗ = 0.07 me, the correspond-
ing Fermi energy is estimated to be EFN ' 3.3 meV
above the conduction band edge. The ratio of Fermi en-
ergy to the superconducting gap is EFN/∆0 ' 20, which
is several orders of magnitude smaller than can be typi-
cally achieved in an SNS junction with a metallic normal
region. Importantly, BTK theory of the SNS junction
is valid in the limit EFN/∆0 → ∞, a valid approxima-
tion for metallic normal regions but which is expected
to break down for junctions with semiconducting normal
regions of low carrier density. A surprising feature of the
transport resonances is the persistence in resonance am-
plitude up to an energy of 15∆0, in contradiction with
the expected rapid collapse of Andreev reflection proba-
bility (less than 10−2) at large bias in SNS junctions with
metallic normal regions [13]. The persistence of MRO to
high bias has however been experimentally observed in
previous work with cuprates, up to energies ten times
the superconducting gap [19].
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FIG. 3. (a) Contour plot of dV/dI vs eVdc/∆0 and applied
magnetic field B (open symbols) at a temperature of 23 mK.
(b) Dispersion of MRO peaks V1 and V9 versus B (filled sym-
bols). A BCS model for the B-field dependence of ∆(B) is
also plotted (dotted line), showing a different dispersion than
MRO.
The persistence of MRO was further investigated in
the presence of a magnetic field applied perpendicular
4to the substrate and nanowire. The measured dV/dI is
shown in Fig. 3 (a) as a two-dimensional contour plot
of dV/dI versus eVdc/∆0 over magnetic field B ranging
from 22.5 mT to -20.5 mT. The central dark diamond
shaped region of low resistivity includes the QP peaks
in dI/dV (dips in dV/dI). The QP resonances disap-
pear with applied magnetic field, as expected from the
weakening of the BCS gap under magnetic field. The
MRO peaks in dV/dI, indicated by bright lines, evolve
with magnetic field and eventually disappear at a criti-
cal field, thereby recovering the fully linear character of
electron transport. The evolution of the first and last
observed MRO peak, V1 and V9, is plotted versus B in
Fig. 3 (b). For comparison, the scaling of the BCS gap
with magnetic field is also illustrated by a dotted line.
Although all features are seen to disappear at a critical
field, the dispersion of V1 and V9 versus B differ with
each other and with the trend of the weak-coupled BCS
gap. The dispersion in threshold may arise from a variety
of magnetic field induced effects, such as the modulation
of the coherence length ξ(B), modulation of Andreev re-
flection probability, and magnetic confinement. Further
experimental and theoretical work is required to better
understand the magnetic field behaviour of low spin-orbit
InN SNS junctions.
In conclusion, we have investigated the transport prop-
erties of a hybrid SNS device formed with a low spin-orbit
InN nanowire. The sharp, non-linear transport reso-
nances observed at energies well above the superconduct-
ing gap are attributed to MRO, and are amongst the most
pronounced observations of MRO in electrical transport.
The persistence of MRO to biases well above gap suggest
that Andreev reflection at interfaces of semiconductors
and conventional s-wave superconductors persist to high
energies unlike the collapse of Andreev reflection prob-
ability at high bias at an interface of normal metal and
semiconductor. The observed persistence and dispersion
of MRO, and thus Andreev reflection, in an SNS junc-
tion with semiconducting normal region is presently not
understood. In order to realize devices from heterostruc-
tures composed of semiconductor / superconductor junc-
tions, further work is required to understand the nature
of basic electron transport phenomena. In particular,
an extension of BTK theory to account for situations of
small Fermi energy may be required to describe Andreev
processes in weakly doped semiconductors.
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